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MpeanoxeHa CTPYKTypHasi cxeMa MHOrOKaHaJIbHOro aHa/IMTUYECKOro peHTreHOBCKOro KomMnaekca
(MAPK) ¢ 9pKMM MUKPOGDOKYCHBIM UCTOYHUKOM, 06ecrneunBaroLLas peasamsaLnio OCHOBHbIX METOA0B
PEeHTreHOBCKOW AMArHOCTUKM Ha 6ase egMHON aBTOMATU3UPOBAHHOM cucTeMbl. CHOpMYIMPOBAHDI
obwme Tpe6oBaHUSA K MapamMeTpaM WCTOYHUKA AN MNPOBEAEHMS KOMMIEKCHbIX W3MepeHui
c nomouwbio MAPK. PaccmoTpeHbl MeToabl GOPMMUPOBAHUSA Pa3/IMYHbIX TUMOB MYYKOB U3JyYEeHUS
Ha ocHoBe ¢GOKycupylolWen U AUCNEePCUOHHOA PEHTFeHOBCKOM ONTUKU W opraHusauus paboumx

CTaHLUN.

A structural scheme of a multi-channel X-ray analytical system with a bright microfocus source
designed to implement the basic methods of X-ray diagnosis based on a single automated system is
proposed. The general requirements to the parameters of the source for integrated measurements
using multi-channel X-ray analytical system were developed. The methods of formation of various
types of radiation beams based on the focusing and dispersive X-ray optics and the organization of

workstations were considered.

eTofbl PeHTTeHOBCKOH AHArHOCTHKH MarTe-

PHAJIOB U HAHOCTPYKTYP SIBJSIOTCS BO MHO-

THUX Cydasix OCHOBOM aHa/JTUTHUUYeCKOH 6a3bl
COBPeMEHHOTO BBICOKOTE@XHOJIOTMYHOI0 IIPOU3BOJI-
CTBa U OJJHUM M3 OCHOBHBIX MHCTPYMEHTOB IpHU
pa3paboTKe HOBBIX MAaTepHaOB U M3HETHUIH Ha HUX
ocHoBe. IIpK 3TOM OflHA U3 IJIaBHBIX 3a[la4 JUATHO-
CTHUKH MaTepHaJoB 3aK/II04aeTcs B IIONTy4YeHUH Hau-
bosee monHOM UHGOPMALIUH O CBOMCTBAX HCCIIeaye-
MOTO HJIM KOHTPOJIHUPYyeMOro o6beKTa pa3Iu4HbIMHU
MeTOAAMHU U COIIOCTABIeHUH MONYUYeHHBIX pe3y/b-
TaToB. COBpeMeHHOe peHTTeHOBCKoe IIpubopocTpoe-
HHe IIpeJJiaraeT MUCII0/Jb30BaTh CIIeLIMaJIHU3HPOBaH-
Hble aHAJTUTHYeCKHe CHUCTeMBI ISl PellleHUsl KOH-
KPeTHBIX U3MEepPUTEe/NbHBIX 32[a4; PeHTI€HOBCKYIO
dnyopeclieHTHYIO CIIeKTPOMeTPHUIO A/l OIpeje-
JIeHU s 37IeMeHTHOTO COCTaBa; MaJIoyIJoBOe pacce-
SHHe /IS Ollpefie/leHUs IapaMeTpPOB HEerOMOIeH-
HBIX HAHOCTPYKTYPHPOBAHHBIX 00BEKTOB; CIIEKTPO-
MeTPHIO IOIJIOIIeHUS AJIs1 U3y4UeHHU s SHepreTHue-
CKOM CTPYKTYPHI INTy6OKHX YPOBHEI B MaTepHalax;

OIUudpaKkTOMeTpPHIO [IIsl OIlpefie/IeHU s CTPYKTYPHBIX
napaMeTpoB U $a30BOro aHalM3a; NPOEKIMOHHYIO
MHUKPOCKOIIHIO K TOMOIpaduIo /sl BU3yaaU3all U1
BHYTpPeHHeH CTPYKTYPbl 00beKTOB; pedIeKTOMETPHIO
IJIS1 U3y4YeHUSs CJIOMCTBIX HAHOCTPYKTYP M T'PAHHIL
pasgmena. Kaskgas U3 epeurc/IeHHBIX CUCTEM K MeeT
COOCTBEHHBIA UCTOYHUK H3J71y4YeHHUsd, H3MepUTeJIb-
HYyI0 IVTaTGOpPMy U ITporpaMMHoe obecriedeHue, U UX
obbeMHEeHHe B e UHBIN H3MEPUTEIbHBIN KOMILJIEKC
HEBO3MOXKHO I10 KOHCTPYKTUBHBIM COOOPasKeHHUSIM.

B KauecTBe MHTEeTPHUPOBAHHOMN aHAJTUTHUYECKOHN
CHCTeMBbl MOKHO PAaCCMaTPHUBATh CHHXPOTPOHHBIHN
LeHTP (1, 2], KOTOPBII BK/IIOYAET YCKOPUTEIH 3JIeKTPO-
HOB, 06IIlee HAKOIIUTEIbHOE KOJIBLIO ISl 3/IeKTPOHOB
BBICOKOM SHEPTUH U BCTPOEHHBIE B HEI'0 OHAYISITOPEL,
SIBJISIOIIHECS] HCTOYHUKAMHK MOLIHOTO PEHTTeHOB-
CKOTO M3/y4eHHUs1. Ha BeIXOfe KasKA0ro U3 OHAY/ISITO-
POB pa3MelnaeTcs ClIelMaIN3UPOBAHHBIN U3MePH-
TeJIbHBIK KaHaJl, I/INHA KOTOPOTO0 MOXKET COCTaBIIATh
IecsITKU MeTpoB. CTabUIBHBIN PeKUM IeHepaluu
MOXKeT HeIlpepPBbIBHO IOAJePXKUBATHCSI HECKOIBKO
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paboumnx cmeH. OZHAKO KOJIMYECTBO COBPeMeHHBIX
CHHXPOTPOHHBIX LIEHTPOB TPEThero II0KOJIeHH I CPaB-
HUTE/JbHO MaJIo, a BO3SMOKHOCTH KMCCIeLOBAHUS [JIs
K POKOI0 Kpyra I10/1b30BaTe/Iel OTpaHUYeHbl AJIH-
TeJIbHBIMH IIpOLlelyPaMHU I10a4H HAy4HOI'0 IIPOeKTa
Ha KOHKYPC Ha KakKAbIH U3 U3MepUTebHbIX KaHAJIOB
Y BBICOKOM CTOMMOCTBIO MX 3KCIIyaTaluu. Kpome
TOrO, K pACCMOTPEHHIO He IPUHUMAITCS 3aJauH,
KOTOpBIe, I10 MHEHHIO SKCIIePTHOM KOMHCCUH, HOCSIT
PYTHHHBIH xapakTep. 1o 3TUM IPUYUHAM CHHXPO-
TPOHHBIE LIeHTPBI He MOT'YT UCII0Ib30BAThCS 15 OIle-
PaTHBHOIO pelleHus MPobaeMbl KOMIIEKCHON JHa-
THOCTHUKH.

B HacTosmel paboTe IpexjaraeTcs HOBasl KOH-
LIeIIIIMsI, KOTOPas 3aKJII0YaeTCs B CO3LAHUU MHOTO-
KaHAJIPHOI'0 AaHAJIUTHYECKOT0 peHTI€HOBCKOI'0 KOM-
nierca (MAPK), obecriednBaromero peajin3alyio Bcex
OCHOBHBIX METO/IOB PeHTT€HOBCKOM JTUArHOCTHUKH Ha
6ase obImero i pKoro MUKpoPOKYCHOI0 UCTOYHHUKA U
eUHON aBTOMAaTHU3HUPOBAHHON CUCTEMBI yIIPaBile-
HHUS.

BblbOP UCTOYHNUKA U3NTYYEHUA
PaccMOTpPHUM OCHOBHBIE TPeOOBAHUS K UCTOUHUKY
PeHTIeHOBCKOIO M3/IyuYeHHUs [AJs NpeljlaraeMoro
MHOTIOKaHaJIbHOI0 KOMIIJIeKCa. MX He clefyeT Tpak-
TOBATh KaK IPHUHIMIIHNAIBHO He0OX0AUMEIe, OJJHAKO
HX HeBBbIIIOMIHeHHe 6yieT IPUBOIUTH K Pe3KOMY yXY/I-
IIeHH IO OCHOBHBIX I10/Ib30BATE/IbCKUX XaPaKTePUCTHK
CHUCTEMBI B UaCTH QyHKIIMOHAIbHBIX BO3MOKHOCTEH,
MIPOK3BOAMTENIBHOCTH, YYBCTBUTEIBHOCTH U TOUHO-
CTH U3MepeHUI, rabapuToB, S3HepromnoTpebaeHus.
Bo-mepBEIX, UCTOUHUK HOIKeH OBITh MUKPOPO-
KyCHBIM, 4TO obecreunBaeT BO3MOKHOCTb QOKYCH-

POBKY H3JIy4eHU S AJ15 TOKAJIBHOIO KOHTPOJIA Iapa-
MeTPOB U I10JIyYeHH s HallpaBJIeHHBIX [I0TOKOB BBICO-
KON MHTEHCUBHOCTH. KaK MoKa3blBaeT MpaKTHKa,
nst 3¢ eKTUBHOIO NPUMEHEHU ST PeHTIeHOBCKOH
OITHKU Heob6XoaHMoO, 4TO6BI pasMmep Gpokyca yaoBIeT-
BOpsi1 TpeboBaHUIO Ry < 10 MKM. IIpu 3TOM SIPKOCTh
HMCTOYHHKKA JO/IKHA 06ecrieduBaTh PSIMOM HUIH CdHo-
KYCHPOBaHHBIM IIOTOK MOHOXPOMATHUYeCKOr0 U3y~
YeHHSs B TeJleCHBIH yroi (Q) okoso 1 Mpaj He MeHee
10°-10° poToH/c. ITO HEOOXOMMUMO )11 U3MEPEHHUH B
I POKOM JUHAMHUYECKOM JHAIIa30Ht MHTeHCUBHO-
CTH CUI'HaJa, BBICOKMX YYBCTBUTEIbHOCTU U IIPOM3-
BOIMTENIbHOCTH UCC/IeOBAHU I U KOHTPOJIA.
Bo-BTOpPBIX, HCTOUHHUK JO>KeH 0beCIieYrBaTh reHe-
PalLlMI0 KaK MHTeHCUBHBIX CIIeKTPaJbHBIX IHUHUH,
TaK U HeIIpepbIBHOM 4YaCTH CIeKTpa, aubo moi-
>KeH UMeTb BO3MOKHOCTb IIePeHaCTPOMKH SHepruu
reHepHUPYyeMOro U3jiyuyeHUsi. MoOHOXpOMaTHUYeCKHe
JIMHUY HeoOXO0LMMBL 1JIsI TOUHOT0 OIIpefie/IeH I Pas-
JIMYHBIX CTPYKTYPHBIX IIapaMeTPOB, a HellpepblBHAs
YacTh CIeKTpa UIH BO3MOKHOCTb IIepeHaCTPOUKH
He0oOXOMUMBI, B YaCTHOCTH, B peHTTeHOBCKOH CIIeK-
TPOMeTPHH IIOIJIOIeH U [IJIS1 OIlpe/ie/IeH s OpHeHTa-
LIUM U [1apaMeTPOB 06paTHOM pelleTKH KPUCTAJIOB.
B-TpeTpux, MaKCHUMaJIbHas 3Heprus CIeKTpa
E.x BOJKHA COCTAaBIATH mopsanka 100 k3B, 4uto
obecreurBaeT BO3MOKHOCTb BH3yalqH3alUH U
3D-peKOHCTPYKLIMH BHYTPeHHeM CTPYKTYPHl KaK
OpraHHUYeCKHUX, TaK U HEOPraHU4YeCKUX 0ObeKTOB,
3HAYUTEBHO PACIIUPSs 00/1aCTh IPHMeHEHH SI KOM-
rexca. ITpu sHepruu crekTpa E < 6 k3B mocturaercs
3¢ derTHBHOe BO36OYyKIeHHe PeHTIeHOBCKOK QIIyo-
pecLeHIIMH JIerKUX 3JIeMeHTOB U BO3MOKHO II0JIy4e-
HHe BBICOKOKOHTPACTHBIX H300paskeHHU M OpraHHuYe-

he methods of X-ray diagnos-

tics of materials and nano-

structures often provide the
basis for the analytical framework
of the up-to-date high-tech pro-
duction and one of the major tools
in the development of new mate-
rials and products based on them.
In this context, one of the key
objectives associated with diag-
nosing materials is to obtain the
most complete information about
the properties of the tested or con-
trolled object by various meth-
ods and compare the results. The
modern X-ray instrument making

industry proposes to use dedi-
cated analytical systems for solv-
ing specific measuring tasks,
e.g. X-ray fluorescence spectrom-
eters to determine the elemental
composition; small-angle scatter-
ing to determine the parameters
of inhomogeneous nano objects;
absorption spectrometry to study
the energy structure of the deep
levels in the materials; diffrac-
tometry to determine the struc-
tural parameters and phase anal-
ysis; the projection microscopy
and imaging for visualising the
internal structures of objects;

reflectometry for studying the lay-
ered nanostructures and inter-
faces. Each of these systems has
its own light source of radiation,
measurement platform and soft-
ware; it is not possible to combine
them into a single measurement
system for structural reasons.

As an integrated analytical sys-
tem a synchrotron centre [1, 2],
which includes electron acceler-
ators, the total storage ring for
high-energy electrons and undu-
lators being the sources of intense
X-ray radiation and embedded
therein, can be considered. At
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CKHUX 06beKTOB MaJIoro pa3mepa. [I09ToMy B KauecTBe
J0CTaTOYHOTo pabouero quamna3oHa SHEPIUH Liese-
coo6pa3HO MPHUHSTh HHTEPBAN OT 6 mo 100 K3B. [lyis
TOYHOTIO OIlpefie/IeHHsl CTPYKTYPHBIX IIapaMeTpoB
MaTepHaJioB B CIIeKTPe MCTOYHMUKA JOJIKHBI IIPH-
CYTCTBOBAaTb UHTEHCHBHBIe CIIeKTPaJbHble JUHHUU
C 9Hepruel oKoso 10 k3B, 4TO COOTBETCTBYeT AJIHHe
BOJIHEBL M371y4yeHHUs 0,1 HM, TO eCTh HOPAAKY THIINY-
HOM BeJIMYHMHBI MeXKIIJIOCKOCTHBIX PACCTOSIHHHU B pas3-
JIMYHBIX MaTepHhaJiax.

B-4eTBepTHIX, HEOOXOAHMO, UTOOBI TabaPHUTHI PeHT-
TeHOBCKOT0 HCTOYHMKA II03BOJISI/IM Pa3MellaTh ero B
06bIYHOM J1a60pPaTOPHOM ITOMeIleHHUU U YCTaHABIHU-
BaTh Ha PaCCTOSHHUHU 5-50 CM OT BBIXOJHBIX OKOH KOJI~
AUMalLHOHHOe, QOKYCHPpYIollee U U3MePHUTe/IbHOe
obopynoBaHue. ITo obecrmedyrBaeT KOMIAKTHOCTh
CTAaHLIMK U OPTaHU3ALHH YIIPABJIeHHU.

B-miATEIX, ONITHMAJ/IBHO, €C/IHU U3/Iy4YeHHe PeHTre-
HOBCKOI'0 HCTOYHHKA HAaIlPaBJIeHO B KM POKHUI Teje-
CHBIH yrou Q; = (2-4)T, UK CyIlecTByeT BO3MOXKHOCTb
OBICTPOI HACTPONKH HAIlPaBIeHUS reHepalllu B
yKa3aHHOM JHaIla30He TeJeCHBIX YIJIOB. DTO Heobxo-
JHMO [J151 O HOBPEMEHHOI0 IOJK/II0YeHH s K UCTOY-
HUKY Habopa paboumnx CTaHIIHUI.

M, HaKoHell, UCTOUHHUK [0JI)KeH obecIleunBaTh
HeIIPephIBHYIO FeHePaLHIo U3/IyYeHHU s B TeueHHe He
MeHee OHOH pabodert cMeHBHI (6-8 u).

CoBpeMeHHbIe IIPOMBINIJIEHHbIe PEHTTeHOBCKUE
HCTOYHHUKH Ha 6a3e CTAaHAAPTHBIX PeHTTeHOBCKUX
TPy6oK K TPy6OK C BpalAIOUIMMCS AaHOJLOM He yJ0B-
JIeTBOPSIIOT IIepeYMC/IeHHBIM BblIle TPeOOBaHUSIM.
TpybKHU O CTAalJMOHAPHBIM aHOJOM, HCII0/Ib3yeMble

JIsl peHTITeHOBCKOM MHKPOCKOIIMM U MHKPOTO-
Morpaduu, He obecrieunBaOT TpebyeMble IIOTOKHU
HU3/Iy4eHHs, a ClelHalu3MpPoBaHHbIe HCTOYHUKU
C BpallaloUMMCS aHOLOM HMeIT pasMep pokyca
0Ko010 100 MKM, 4YTO NpensiTCTByeT 3G PeKTHUBHOU
bOKyCHPpOBKe H3yUeHUS U MOJNyIeHUI0 H300paske-
HUI C BBICOKUM IIPOCTPAHCTBEHHBIM pa3pelleHHeM.
[To3TOoMYy 1esecoobpa3HO PAaCCMOTPEeTh Psii ITepCIlek-
THUBHBIX CUCTeM, KOTOPble HaXOAATCSI Ha 3KCIIepH-
MeHTAJIbHOM CTaIUH Pa3paboTKHu.

OZHUM U3 JOCTYIHBIX 1a60PATOPHBIX CPeACTB
reHepalydy PeHTTeHOBCKOTO M3JIyYeHU s CIIeKTpa B
TeJIeCHBIK Yrojl 2T B MIKMPOKOM CIIeKTPa/JbHOM AHa-
rasoHe sIBJseTCS 0bydeHHe MHUIIEHU CPOKYCHPO-
BaHHBIM Iy4YKOM $eMTOCeKyHAHOTO a3epa [3, 4],
obecreunBapllee IOJTyuYeHHe BEICOKOTEMIIePATyp-
HOM IIJTa3MBI ITPHU B036Y>KIeHU U MaTepHuala MULIIeHH
ONTUYECKUM UMITYIbCOM. [IpeMMyIeCTBOM TaKOTO
CpelcTBa reHepalllu BJISIeTCS [IPOCTOTA U3MEHeHU
CIIeKTpa IyTeM 3aMeHbl MUIIeHU U BO3MOXKHOCTh
HCC/IeOBaHU S OBICTPOITPOTEKAOIIMX [IPOLECCOB IIPU
CHHXPOHM3ALIMH PEHTI@HOBCKOI'0 MMITYJIbCaA C 3aJaH-
HBIM BPeMeHHBIM HUHTEPBaJIOM II0CJIe BO3OYKAeHU
o6pekTa. OLHAKO KOHBEPCHOHHAS 3G bEeKTUBHOCTD
npeobpa3oBaHHUSs OITHUECKOIO U3/y4YeHUs B PeHT-
FeHOBCKOe MaJla, a IPOLecC U3Jy4YeHUs IPUHIH-
MIHAJIBHO UMIIYJIbCHBIN, HECTAaOUIBHBIA U COIIPOBO-
skpaeTcs abnsuenr Matepruana. II03ToMy UCTOUHHUK,
OCHOBAHHBIM Ha BO30YXAeHHH JIa3epOM BBICOKOTEM-
[epaTypHOM I1JIa3MBbI, MOKET B ITIepCIIeKTHBe paccMa-
TPUBATLCS TOJIBKO KaK He3aBHUCHMOe [OIIOJIHEeHHe K
AHAIUTUYeCKOMY KOMILJIeKCY. be3yc/ioBHBIN HHTepec

the output of each of the undula-
tors specialised measuring chan-
nel, the length of which can be
tens of meters, is placed. The sta-
ble generation mode can be con-
tinuously maintained for sev-
eral shifts. However, the num-
ber of modern third-generation
synchrotron centres is relatively
low, and research opportunities
for a wide range of users limit the
duration of the procedure for fil-
ing a research project for the com-
petition for each of the measure-
ment channels and the high cost
of operation. In addition, the task
will not be accepted, in the opin-
ion of the expert commission, are
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routine in nature. For these rea-
sons, synchrotron centres cannot
be used for rapid diagnosis of com-
plex problem solving.

This paper proposes a new con-
cept, which is to create a multi-
channel X-ray analytical system to
ensure the implementation of all
major X-ray diagnostic methods
based on the total bright microfo-
cus source and a single automated
control system.

CHOOSING THE SOURCE

OF RADIATION

We consider the basic require-
ments to the X-ray source for the
proposed multi-channel system.

They should not be interpreted as
essential but their failure would
lead to a sharp deterioration of
characteristics of the main user of
the system in terms of function-
ality, performance, measurement
sensitivity and accuracy, size and
power consumption.

First, the source should be
microfocal that allows focusing of
the radiation for the local control
of parameters and obtaining the
directed flows of high intensity.
As practice shows, for the effec-
tive application of X-ray optics it
is essential that the size of the
focus meets the requirement
R <10 pm. The brightness of the
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MpelCTaBISAIOT TakKe pa3pabaTbiBaeMble B HACTOSI-
Ilee BpeMsl IIeTaBaTTHBIE Jla3epbl, KOTOPble MOXKHO
KCII0/Ib30BaTh JISl TeHePALluU B IJIa3Me HaIlpaBJleH-
HOI'O PeHTIe@HOBCKOTO0 M3/y4eHH s, OJJHaKO II0Ka UX
HeJIb3sl pACCMATPHUBATh KaK JOCTYIHEIe 1abopaTop-
Hble ICTOUHHUKH HU3/1yUeHUsI.

CpaBHUTeNbHO 3@ PeKTUBHBIM CPeCTBOM reHe-
PalLlMK PeHTTeHOBCKOIO U3/1y4eHHs SIBISIOTCS yCTa-
HOBKH C MCII0JIb30BaHUEM Z- U X-TIUHYA [5-7]. DddeKT
C>KaTH s TOKOBOTO KaHaJla IO, AeMCTBHeM MarHHUT-
HOTI'0 II0JISI, UHAYLMPOBAHHOIO CHJIBHBIM TOKOM B
TOHKHX MeTa/UIHYeCKHUX IIPOBOJIOKAX, obecredrBaeT
MojlyueHHe BBICOKOTeMIIepaTypPHOL IIJIa3MBbl, H3JIy-
Yalollell B [IOJIHBIH TeJIeCHBIH YIo/l B IIMPOKOM PeHT-
reHOBCKOM [Halla3oHe CIIeKTpa, IpHh 3G HeKTHBHOM
pa3sMepe pokyca okoso 10 MKM. ITOCKOIBKY MMITYJIbC
H3JIy4YeHHs COIIPOBOXKAAETCS IIOJMHBIM HCIIapeHHeM
MUIIEHH, TaKasi CUCTeMa He MOXXeT paboTaTh B CTa-
LIMOHAPHOM PeXXHMe, U, Kak U B c/Iy4dae Bo30OyKae-
HUS QeMTOCeKyHIHBIM JIa3epoM, ee cIelyeT pacCMa-
TPUBATh TOJIBKO KaK BO3MOXKHOe [IOIIOJIHeHHe K aHa-
JTUTUYECKOMY KOMIIJIEKCY.

BpicokMe 3Ha4YeHHs IIOTOKAa HU3JIy4YeHHUS [0
510 dpoToH/C U crieKTpaabHas SPKOCTh 21012 doToH/
(cMM?Mpan*0,1%) mony4deHsl B HACTOsIIee BpeMs Ha
YCTaHOBKaX, B KOTOPBIX MCII0/b3yeTcs 3ddeKT obpart-
HOI'0 KOMIITOHOBCKOTO pacCesiHHS FeHepHPyeMBIX
7a3epoM ONTHUUYeCKHX POTOHOB C SHEPrHUer OKOJIO
1 5B Ha BBICOKO3HEPreTUYHBIX 3/IeKTpoHax [8-10]. Kak
[IOKA3bIBAIOT pacyeTsl [9, 11], c OMOIIBI0 HCTOUHHU-
KOB YKa3aHHOIO THIIA IIPU pelleHUH psifa TeXHHU-
YeCKHUX BOIIPOCOB MOIYT 6BITh OCTUTHYTHI IOTOKHU

1013-10* poToH/c B TenmecHBI! yron w. ~ E¢/E, roe E u
E, - 3Heprus 37eKTpoHa, CTaJIKHBAIOIIeI0Cs C OIITH-
YeCKUM GOTOHOM, U SHePrUs IIOKOS 3/IeKTPOHA COOT-
BeTCTBEHHO. [IJ1 IepeBoJa OIITHUECKOro U3y4eHHs
B PeHTIe€HOBCKH U JHUAIA30H C AJHUHOM BOJTHBI OKOJIO
0,1 HM Ipu 06paTHOM KOMIITOHOBCKOM pacCesiHUU
MOCTAaTOYHO SHEPryUHU 3J1IeKTPOHOB IMopsaaKka 10 MaB,
[I03TOMY TakKHe HCTOUHHUKM CTPOSTCS Ha 6a3e KoM-
MaKTHBIX YCKOPHUTeJeH, KOTOpble MOTYT OBITh pas-
MeIlleHbl B 1ab0paTOPHBIX IIOMeIleHUSIX. BaskKHBIM
IOCTOMHCTBOM J1a3€PHO-3J1eKTPOHHOI0 HCTOYHHKA
SABJISIeTCSI BOSMOKHOCTH M3MeHEeHHU TeHepUpye-
MOH II0JIOCHI CIIeKTPa B IIHMPOKOM 3HepreTHUeCcKOM
Juaria3oHe, YTO II03BOJIsIeT pea/iu30BaTh Ha MpaK-
THKe pa3lHMyHble CIIeKTPOMETPHUYECKHEe MeTOLBbI.
JIOCTUTHYTHIH pa3mep dpoKyca MeHee 10 MKM obecrre-
4YMBaeT BO3MOKHOCTb IPUMeHeHH I GOKYCHPYIOIeL
OITUKH U IONy4YeHUs U306paskeHUHN BHYTPeHHeH
CTPYKTYPBbI C BBICOKUM IIPOCTPAHCTBEHHBIM pa3pellie-
HueM. OJHaKO TUIIMYHBIH YTOJ, B KOTOPBIH H3/1yda-
eTCsl [IOTOK PeHTIeHOBCKUX GOTOHOB C SHEPI UL 0KOJIO
10 k3B cocTaBiser ob6praHO MeHee 0,01 Cp 1, COOTBET-
cTBeHHO, meHee 0,001 mo/Ix ITOJTHOTO TeJIeCHOTO yIJIa,
[I09TOMY TaKOM UCTOUHHK He MOXKeT OBITh UCII0/Ib30-
BaH [I15 IOAK/IIOUeHHU I HeCKOIbKHUX Paboumux CTaH-
LIMH 151 IPOBeleHU I KOMIIIEKCHBIX UCCIe0BaHUH
PasIUYHBIMU MeTOLAMHU.

[lepedncIeHHBIM Bbllle TPe6OBAaHUAM K HCTOY-
HUKY JJIS MHOTOKaHa/bHOI0O KOMIIJIEKCA YOBJIET-
BOpsieT MUKPOPOKYCHBIM PeHTIeHOBCKHUM HCTOY-
HUK, HeJJaBHO pa3paboTaHHBIN MIBeACKON KOMIIA-
Huen Excillum [12, 13]. HoBu3Ha mpeiokeHHOMN

source should provide the direct or
focused stream of the monochro-
matic radiation in a solid angle
(Qg) about 1 mrad at least 10°-101°
photons/s. It is necessary for mea-
surements in a wide dynamic
range of signal intensity, high
sensitivity as well as research and
control performances.

Secondly, the source should
provide the generation of intense
spectral lines and the contin-
uous part of the spectrum, or
should be able to reconfigure the
power of the generated radiation.
Monochromatic lines are required
for the accurate determination of
various structural parameters;

the continuous part of the spec-
trum or the possibility of readjust-
ment are necessary particularly in
the X-ray absorption spectroscopy
to determine the orientation and
parameters of the reciprocal crys-
tal lattice.

Third, the maximum energy of
the E,,, range should be around
100 keV which allows visualisa-
tion and 3D-reconstruction of the
internal structure of both organic
and inorganic objects thereby sig-
nificantly expanding the scope of
the system. At an energy range
of E<6 keV achieved is efficient
excitation of the X-ray fluores-
cence of light elements, and it is

possible to obtain high-contrast
images with high organic objects
of a small size. Therefore, it is
correct to take the energy range
of 6 keV to 100 keV as a sufficient
operating range. To accurately
determine the structural mate-
rial parameters, the range of the
source should have intense spec-
tral lines with the power of about
10 keV that corresponds to the
emission wavelength of 0.1 nm,
i.e. a typical order of inter-planar
spacing in various materials.
Fourthly, it is necessary that
the dimensions of the X-ray source
allow placing it in a common lab-
oratory room and set at a distance
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KOHTPOJIb U UBMEPEHMUA

Puc.1. Cxema 2eHepayuu peHmMzeHOB8CK020 U3AYHeHUs C uc-
noAb308aHuem >KUOK020 Memannd 8 Kkayecmee aHooa: 1 -
Cmpys Memanna; 2 = 3AeKmpOoHHbIL NY4OK; 3 — PeHM2EeH08CK0e
usaydeHue; 4 — mennoobmeHHUK; 5 - nomna; 6 - omkadugae-
Mbll 06BeM Kamepbl.

Fig.1. Diagram of X-ray generation with liquid metal as the
anode: 1 - metal stream; 2 - electron beam; 3 - X-rays; 4 — heat
exchanger; 5 - pump; 6 - pumped volume of the chamber

KOHCTPYKIJMH 3aK/II0YaeTCs B TOM, YTO B KauecTBe
06;1y4aeMoOM 3/IeKTPOHAMHU MHUIIEHHU HUCIIOIb3YeTCs
CTPYs KUAKOro MeTa/lJla Ha OCHOBe cIIaBa Ga (95%)
u In (5%). YKa3aHHBIN CIIJIaB HAXOLUTCS B SKHUIKOM
COCTOSIHUHU IIPU KOMHATHOM TeMIlepaType U HMMeeT

CPaBHUTEJIbHO HM3KOE JaBJ/IeHHEe [IaPOB IIPU TeM-
neparype go 1000°C, 4To I103BOJIseT IIPOBOLUTH
npsiMoe ob1yueHHe CTPYH MeTala cGOKYyCHPOBaH-
HBIM 371eKTPOHHBIM IyuKoM. IIpu 3ToM, 61arogaps
6O/BIION IJIONmAH KOHTAKTa MeTaJlsla C OXJIaXKAa-
IOIIle} TIOBEPXHOCTBIO TeIJIO0OMEHHOTI0 YCTPOKCTBA,
OocTHUraeTcs: 6BICTpoe CHHUKeHHe TeMIIepaTyphl
cinaBa. Takum obpasoM, ymaeTcs MOMYUUTh IJIOT-
HOCTb II0TOKA 3HEPTUHU IIPU BO3OyKAeHUU H3Tyde-
HUS 3JIEKTPOHHBIM IIy4YKOM 210 2,5 MBT/MM? 1 obe-
CIIEYUTH PEKOPAHYIO CIIEKTPAJIBHYIO SPKOCTH UCTOY-
HMKA.

YipoijeHHas cCXeMa UCTOYHHKA Ha JKUKOM aHoje
IoKa3aHa Ha puc.l. [IoMIIOH co3/laeTCsl HellpepblB-
Has UMPKYIALKMA KUAKOIO MeTajjla B HallpaBje-
HUH, ITIOKA3aHHOM CTpeJIKaMU. [laB/ieHHe COCTAB/ISLEeT
20 MIIa, a ckopocTh IT0TOKa MeTasia 80 m/c. B mpoMme-
JKYTKe, ITI0Ka3aHHOM IIyHKTHPHBIM KOHTYPOM, CTPYs
nuameTpom 0,2 MM BBIBOSUTCS U3 TpPyborpoBoaa u
0b/1ydaeTcst My4KOM 3/1eKTPOHOB, KOTOPbIK QOKYCH-
pyeTcsi MAaTHUTHOM JIMH30U. [eHepalus U3/1y4YeHUs
IIPOUCXOAHUT B TeJIECHBIN yroi (); okomo 4tm. Tak Kak
3JIeMEeHTBI KOHCTPYKIUHU H3/IyYaTe/Is He II03BOJISIOT
BBIBOAUTD U3 UCTOYHHKA IIOJIHBIH PeHTTeHOBCKUU
IIOTOK, TO, KaK 1 B 0OBIYHBIX PeHTT@HOBCKUX TPyOKaX,
KM3Jy4YyeHHe BRIBOAUTCS Yepe3 OKHa 3aJaHHOIrO0 pas-
Mmepa. OTMeTHM TaKKe, YTO YaCTh PEeHTIreHOBCKOTO
CrleKTpa c 3Hepruel E < 30 k3B mornomaeTcs B CTpye
MeTaja, U B YKa3aHHOMU YaCTH CIIeKTPa UCTOYHMK
M3JIydaeT B TeJIeCHBIHU YIoia (); 0Kojo 21m. OCHOBHBIE
TeXHHYeCKHe XapaKTePUCTHKU UCTOUHMKA IIpUBe-
IeHsl B TabmuLe.

of 5-50 cm from the output win-
dow the collimating, focusing and
measuring equipment. This pro-
vides compactedness for stations
and management arrangements.

Fifth, it will be optimal, if the
radiation of the X-ray source is
directed in the wide solid angle
of Q; = (2-4)m or there is a possi-
bility of quick adjustment of the
generation direction in this range
of solid angles. This is necessary
to simultaneously connect to a
source of a set of workstations.

Finally, the source should pro-
vide continuous generation of
radiation within at least one shift
(6-8 hours).

HAHO MHOVCTPHA #7/61/2015

The modern industrial X-ray
sources based on standard X-ray
tubes and the tubes with rotating
anodes do not satisfy the require-
ments listed above. The stationary
anode tubes used for X-ray micros-
copy and microtomography fail
to provide the desired radiation
fluxes, and special sources with
rotating anodes have the focus
size of about 100 pm, which pre-
vents the efficient radiation focus-
ing and obtaining the images
with a high spatial resolution.
Therefore, it is advisable to con-
sider a number of advanced sys-
tems that are at the experimental
stage of development.

One of the available labora-
tory facilities to generate the
X-ray spectrum in a solid angle
of 2m in a wide spectral range is
the irradiation of the target by a
focused beam of a femtosecond
laser [3,4] that will ensure the
high-temperature plasma in the
excitation of the target material
by the optical pulse. An advan-
tage of such a generation tool is
the ease of changing the spec-
trum by changing the target and
the ability to study fast processes
in synchronising the X-ray pulse
with a predetermined time inter-
val after the initiation of the
object. However, the conversion
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OCHO8Hble mexHuUYecKUe Xapakmepucmuku MUkpogoKyCHO20 peHM2eH08CK020 UCMOYHUKA Ha XUOKOM aHoOe
Main technical characteristics of microfocus X-ray source with liquid anode

MWHMUMaNbHbLIN pasmep Gokyca, MKM 5
Minimum focus spot size, pm
npu pasmepe ¢okyca 10 MKM 100
MakcumanbHas MOLWHOCTDb, BT Focus spot size of 10 pm
Maximum power, W npwv pasmepe $pokyca 20 MKM 200
Focus spot size of 20 pm
[nanasoH paboyero HanpskeHuns, KB 10-160
Operating voltage, kV
PeHTreHOBCKWI AMana3oH HernpepbiBHOrO CNeKTpa, k3B 5-160
X-band continuous spectrum, keV
[N1MHA BOJTHbI MHTEHCMBHOW CNeKTpasibHon MnHKK A(GaKal), HM 0134
Wavelength of the intense spectral lines A(GaKal), nm !
MoToK COKyCMPOBAHHOIO M3ny4eHna Gak B yron1mpag, oToH/c 109
Focused radiation stream of GaK in angle of 1 mrad, photon/s
CmelleHre NoNoXKeHna poKyca 3a 24 4, MKM <1
Focus deviation during 24 h, um
rabapuTbl n3nyyartens, cMm
Dimensions of the emitter, cm e

BbIBOP CXEMbl PACMOJ/IOXEHUS PABOUYUX CTAHLLMA

Inst ynobcTBa 3KCIIyaTallHM MHOTOKAHAIBHOTO
AHAJTMTHUYECKOr0 KOMIIJIEKCA OINTUMAJIbHO pa3Me-
meHHe 060pymOBaHUS HAa FOPU30HTANIBHBIX II/IAT-
dopmax. Ilpu 3TOM CTpysd MeTajjia HaOpaBIsd-
eTCs 10 BePTHUKA/M, a OCH PeHTIeHOBCKUX Myu-
KOB OPUEHTHPOBAHBI B I‘OpI/I3OHT3.)'IbHOI;I IIJIOCKO-
cTu. O61acTh 3HEpreTHUeCcKoro crekrpa E<30 k3B
Haubojiee 4acTO HUCIIOJIb3yeTCs AJISI CTPYKTYPHBIX
M3MepeHUU MaTepuasoB. OQHAKO, KaK yKa3blBa-
70Ch BbIIe, B 3TOM 06J1aCTHU CHeKTpa MCTOUHHUK

H3Jy4daeT B TeJeCHBIN yIoj (); 0KOJO0 2T, IO3TOMY
OOIyCTHUMBIE YIJIOBBIE ITI0OJIOKEHHUS ocell pabodmx
IIY4YKOB JOJIXKHBI CMeIllaThCs OT KacaTe/IbHOM K CTpye
MeTaJjla B TOUKe BO30OyKIeHU s 371eKTPOHHBIM I1yU-
KOM B HaIllpaBJeHHUU K UCTOUHHUKY BO30OYKAeHUS
(puc.2). YI7I0BOM MHTEPBAJ & MeX/y OCIMHU My4YKOB
1-6 opmapHO OrpaHHUYEH Heo6X0UMOCTHIO pa3Me-
IIeHHS Y BEIXOJHBIX OKOH MCTOYHHMKA KOJJIMMAaI K-
OHHBIX, OCTUPOBOYHBIX U QOKYCUPYIOLIMX 3JIeMeH-
TOB KOHCTPYKIMH. TeXHHUYeCKHe OTPaHUYeHHUS Ha
KOJIMYeCTBO KaHaJIOB CBA3aHO C Ha/IM4YKeM B KOpITyce

efficiency of transformation
of the optical radiation in the
X-ray one is low, and it is mainly
impulse radiation, unstable and
is accompanied by the ablation
of material. Therefore, the source
based on laser excitation by high-
temperature plasma can only
be regarded in the future as an
independent addition to the ana-
lytical system. Petawatt lasers,
which are also being developed
at the moment and can be used
to generate directed X-rays in
plasma, are of particular inter-
est; however, they cannot be con-
sidered as the available labora-
tory sources of radiation.

A comparatively effective
tool of generating X-rays is the
installation using Z- and X-pinch
[5-7]. The effect of compression
of the current channel under
the influence of a magnetic
field induced by the strong cur-
rent in the thin metal wires pro-
duces high-temperature plasma
emitting the full solid angle in
a wide X-ray spectrum with the
effective focus size of about 10
pm. Since the radiation pulse is
accompanied by complete evapo-
ration of the target, such a sys-
tem cannot operate in a steady
state, and, as in the case of exci-
tation by a femtosecond laser, it

should be regarded only as a pos-
sible supplement to the analyti-
cal system.

The high values of the radia-
tion flux up to 510! photons/s
and spectral brightness 2:10%2
photons/(ssmm? mrad?-0.1%)
obtained at the present time on
the plants, which use the effect
of inverse Compton scattering
generated by the laser of optical
photons with an energy of about
1eVin the high-energy electrons
[8-10]. Calculations show [9-11]
that with the help of this type of
sources in addressing a number
of technical issues achieved can
be the flows of 1013-10'* photons/s

#7/61/2015 NANO INDUSTRY



KOHTPOJIb U UBMEPEHMUA

Puc.2. Bo3moxxHas cxema pacnonoxkeHus pabo4ux ny4ykos:
A - aHo0; B - 3nekmpoHHas nywka; C = Kopnyc usayyamens;
D - mpybonpogod; 1-8 — peHmM2eHo8CKue ny4uKu

Fig.2. Possible arrangement of working beams: A - anode; B - elec-
tron gun; C - body of the radiator; D - pipeline; 1-8 — X-ray beams

K3J1ydaTesisi 3/IeMeHTOB 000pyJOBaHUS: 3/IeKTPOH-
HOM IyIIKH, TPy6OIIpoBOIOB, 3aTBOPOB U NATUHKOB
IapaMeTPOB UCTOUHHKA. B 5keCTKON 06/1aCTH CIIeK-
Tpa E>50 k3B M3/1yyeHHe MOXKeT [OIIOTHUTEIbHO
BBIBOAKTHLCS 4Yepe3 CTPYH MeTajlJla B HallpaBJie-
HHUU IIy4YKOB 7 U 8. OMHAKO, KaK ITOKa3bIBaeT IMpaKk-
THKA 3KCIIyaTallMu, /s IIPOBeNEeHHUSI U3Mepe-
HU, IpUOOPHOI HACTPOMKHU U YCTAHOBKH 006pas1ioB

Puc.3. BapuaHm cxembl pacnoAoxXeHul pabouyux cmanyui:
1-4 - paboyue cmaHyuu; A - aH00,; B — 3AeKmpoHHAs nywKa;
C - Kopnyc uzay4ameas; D - mpy6onposod

Fig.3. Possible arrangement of workstations: 1-4 - workstations;
A-anode; B - electron gun; C - body of the radiator; D - pipeline

Pa3JIMYHOrO THUIIA HeobX0AMO 06eCIIeYnTh BO3MOXK-
HOCTb JOCTYIIa [IepCoHaa K 11060 yacTu obopymo-
BAaHMUS CTAHLIMH, [I03TOMY OIITHMAaJIbHO pa3Melle-
HHe BOKPYT HCTOYHHKA YeThIpex CTAaHI[UH I10 CXeMe,
[IOKa3aHHOM Ha PHC.3.

[IpenoskeHHas CXeMa IOSICHSIeTCS TaKKe JH3an-
HepcKoM pa3paboTkoil Bupaa paboyux CTAaHLUU B
3aIUTHOM KOpIIyce, T0OKa3aHHOM Ha pyc.4. MICTOUHUK

in the solid angle wc ~ E,/E,
where E and E, - energy of the
electron colliding with an opti-
cal photon and the rest energy of
the electron respectively. To con-
vert the optical radiation into
the X-ray spectrum with a wave-
length of about 0.1 nm in inverse
Compton scattering it is enough
to have the energy of electrons
in the range of 10 MeV; that is
why such sources are based on
compact accelerators that may
be placed in laboratory prem-
ises. An important advantage
of the laser and electron source
is the ability to change the gen-
erated spectrum band in a wide

HAHO MHOVCTPHA #7/61/2015

energy range thereby allowing
you to put into practice a vari-
ety of spectrometric methods.
The reached focus size less than
10 pm makes it possible to use
focusing optics and obtaining
images of the internal struc-
ture with the high spatial res-
olution. However, at which a
typical angle a stream of X-ray
photons with the energy about
10 keV is emitted is typically less
than 0.01 cp and therefore less
than 0.001 share of the total solid
angle, therefore this source can-
not be used to connect multiple
workstations for a variety of com-
plex research by various methods.

The microfocus X-ray source
recently developed by the Swedish
company Excillum [12, 13] satisfies
the above requirements to a source
of the multi-channel system. The
novelty of the proposed design is
that a liquid metal stream based
on the alloy Ga (95%) and In (5%) is
used as the target irradiated with
electrons. The said alloy isin a liq-
uid state at room temperature and
has a relatively low vapour pres-
sure at temperatures up to 1000°C
enabling direct exposure of the
metal stream by a focused elec-
tron beam. In this context, due
to the large area of contact of the
metal with the cooling surface
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Puc.4. Mpoekm aHanumu4eckoz2o komnaekca MAPK ¢ yemblpb-
MS$ paboqumMu CManyusimu
Fig.4. Project of analytical complex with four workstations

M3/ly4yeHH s, Kak OblI0 ITI0Ka3aHO Ha PUC.3, HAXOIUTCA
B LIeHTPa/JbHOM YaCTH KOMIIJIeKCa. Pa3gBH KHbBIE
maHenM Koxyxa obecrmeyuBaloT HeoOXOLHMBIH
JOCTYII K U3MePUTeTbHOMY 060pyIOBAHHIO K BO3MOK-
HOCTb YCTAaHOBKH U IlepeHoca 06pasLoB. YIpaBieHHe
OTHe/IbHBIMH CTAaHLIIUSAMU MOYKeT OCYIeCTBIISATHCS C
KOMIIBIOTEPOB, YCTAHOBJIEHHBIX Kak B pabodeM mmome-
IIeHKWHY, TaK U BHe IIOMeIleHHUS B PeSKUMe yIaJeHHOro
noctyna. OmHaKo oblee cornacoBaHHOe yIIpaBIeHHe
KCTOYHHUKOM U OTIe/JbHBIMH CTAHIIMAMHU IIPOH3BO-
JUTCSA IJIaBHBIM KOMIIbIoTepom MAPK.

CXEMbl ®OPMUPOBAHUA PEHTTEHOBCKUX NMYYKOB

OCHOBHBIMH I1apaMeTpaMHU My4YKOB, IPUMeHS-
eMBbIX B COBpeMEHHBIX M3MepHUTe/JbHBIX CHUCTe-
Max, SIBIASIOTCS UX CIeKTp, GopMa U UHTeH-
CUBHOCTb. MHUKPOOOKYCHBIN PEHTITeHOBCKUH
HCTOYHHUK B COYETaHUHU C QOKYyCHPYIOUHUMHU

Y KOJIJIMMAIlMOHHBIMH CHCTEeMaMHU, a TaKKe Cpel-
CTBaMH CeJleKLIMH CIIeKTpa 03BoiseT CGOPMUPO-
BaTh HauboJee MOTHBIN Habop Iy4YKOB, HeOOXOMH-
MBIX /151 KOMIIJIEKCHOM JHAarHOCTUKHU. Ha puc.5
[OKa3aHBbl OCHOBHBIE TUIIBL [IyUKOB, KOTOPble MOTYT
co3maBaThbcsa B cucteme MAPK:

* KOHYCHBIM MOJHUXPOMATHUYeCKUH ITy4oK (1) gus
OBICTPOM BU3ya/IH3aLUH MPOEKLIHOHHBIX H30-
OpaskeHH I, KOMIIBIOTEPHOM TOMOTpaduH;

* BeepHBIHM MOHOXPOMATHUYECKHUN MY4OK (2) I1s
BH3yaTIM3al[UH IPOEKLHMOHHBIX H300paskeHUH,
KOMIIBIOTePHON TOMOTPadUU B 3aJAHHOM CIIeK-
TPaJIbHOM JHalla30He;

e CXOOSIUMCS GOKYCHPOBAaHHBIM MOHOXpPOMaA-
THUYeCKHUI MK MOJIHMXPOMATHYeCKHUH MYy4oK (3)
OJ1sl JIOKAJAbHOM JHAaTHOCTHKH IapaMeTpOB
MaTepHa’oB;

* GOKYCHPOBAaHHBIM KBa3HIlapa/lJle/IbHBIH I1y4OK
(4) st CTPYKTYpPHOM HATHOCTUKU MaTepHaJIoB;

* KeCTKO KOJUIMMHPOBAaHHBIKM MOHOXpOMaTH4Ye-
CKHH MY4OK (5) /151 MIPelu3HOHHbBIX U3MePeHU U
CTPYKTYPHBIX [IapaMeTPOB U PeHTIeHOOIITHYe-
CKHX U3MepPeHHUH.
dopMHUpOBaHHE KOHYCHOIO M BeepPHOI0 IIy4YKOB

1 1 2 ocymecTB/sIeTCS C IOMOIBIO YIIPABIsIe MBIX

nuadparM. BeepHBIH My4YOK MOXeT OBITH Ipej-

BapUTeIbHO MOHOXPOMATH3HPOBAH C IIOMOILBIO

MHOTOCJIOMHBIX PeHTIeHOBCKHUX 3epKan [14] unu

npejaoMisiiomen npusmsl [15]. Cxopsmuncsa poky-

CHPOBAHHBIKM MOHOXPOMAaTHYeCKHUI IIy4OoK (3) co3-

HaeTCsl U30THYTHIMU MHOTOC/IOMHBIMU 3epKalaMU

[16], mocTpoeHHBIMU 110 cxeMe MoHTens [17] unu

technical characteristics of the

of the heat exchange device, the
alloy temperature can be reduced
sooner. Thus, it is possible to
obtain the energy flux density,
when radiation is excited by an
electron beam up to 2.5 mW/mm?
and ensure the record spectral
brightness of the source.

A simplified diagram of source
on the liquid anode is shown in
fig.1. The pump creates a con-
tinuous circulation of the lig-
uid metal in the direction indi-
cated by arrows. The pressure is
20 MPa and the flow rate of metal
is 80 m/s. In the gap shown by the
dotted line, the stream with a
diameter of 0.2 mm and is taken

from the pipeline and is irradi-
ated by an electron beam which
is focused by the magnetic lens.
Radiation is generated in the
solid angle Q; about 4m. Since
the elements of the design of the
radiator do not allow the full out-
put from the source of the X-ray
flux, then, like in the conven-
tional X-ray tubes, radiation is
output through the window of
a given size. It should also be
noted that part of the X-ray spec-
trum with the energy of E <30
keV is absorbed into the metal
stream, and the source radiates
into a solid angle Q; about 2m in
this part of the spectrum. The key

source are given in table.

CHOOSING WORKSTATION
LAYOUT

For ease of use of the multi-
channel analytical system, it is
optimal to place the equipment
on the horizontal platforms,
whereby the metal stream is
directed vertically, and the axis
of the X-ray beams are focused in
the horizontal plane. The area of
the energy spectrum E <30 keV is
most often used for the measure-
ment of structural materials.
However, as mentioned above,
in this area of the spectrum the
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KOHTPOJIb U UBMEPEHMUA

Puc.5. OCHO8Hble munbl peHMmM2eHo8CKUX NYYKO8 041 KOM-
nAeKcHoU OuazHoOCMUKU: A = MUKpOQOKYCHbIL peHmM2eH08CKULi
UCMOYHUK; 1 = KOHYCHbIU Ny4oK; 2 — 8eepHbIli Ny4oK; 3 — CX0-
osuulicss GoKycupoB8aHHbIl NYYoK; 4 — UHMEHCUBHbILU K8a3u-
napannenpHbll NY4OK; 5 = KOAAUMUDPOBAHHbIU MOHOXpOMAmu-
ueckuli nyyok

Fig.5. Main types of X-ray beams for complex diagnostics: A -
microfocus X-ray source; 1 - conical beam; 2 - fan-shaped beam;
3 - converging focused beam; 4 - intense quasi-parallel beam; 5 -
collimated monochromatic beam

Kupnarpuka-bassa [18]. C moMoIIbl0 IMOJTHUKAIKI-
JSIPHOM KYMaXOBCKOHM OIITHKH MOKeT OBITH 10Ty~
4yeH GOKYCHPOBAHHBIM NOJIHUXPOMATHYECKHUU
IIy4oK ¢ AuaMeTpoM dokyca d; okoso 10 Mkm [19,
20]. OTMeTHM TaK>Xe, 4TO B 0671aCTH 3Hepruu
doToHOB OKOJIO 10 K3B mpu guamMmerpe dokyca

HCTOYHUKA dg < 5 MKM MOXKeT IIPUMEHSIThCS ped-
PaKLIMOHHAs ONTHKA B BHJe COCTABHHEIX pedpak-
LIMOHHBIX TUH3 [21, 22]. OLHAKO IIPHU 3TOM Heob-
XOAMMa IpefBapUTeIbHAS MOHOXPOMATHU3AII K S
IIePBUYHOIO U3J1y4YeHUd. POKYCHPOBAHHBIM KBa-
3MIIapaje/lbHbIH Y40k (4) BEICOKOM MHTEHCHB-
HOCTH CO34aeTCs 1apaboluyecCKUMU PeHTIeHOB-
CKHMH 3epKaaaMHU. J)KeCTKO KOJTJIUMHUPOBAHHBIN
MOHOXPOMAaTHYeCKHUH Iy4oK (5) ¢ YyIJIOBOM pacxo-
AuMOCTbI0 AP <10” popMHpyeTCs IyTeM II0C/Iem0-
BATeJbHBIX OTPaskeHUMN OT Oe3QHCIIOKAIMOHHBIX
KPHCTAJIIOB, HAIpUuMep, KPHUCTA/II0B KPeMHHS.
JomonHUTeNbHEle cCXeMbl GOPMHPOBAHUS MYU-
KOB U CeJIeKIIMH CIIeKTPa MOTYT OBITH II0JIYUYEeHBI C
IIOMOIIbI0O U30THYTBIX KPHUCTAJ/IOB, IIOJyIIpoO3pay-
HBIX MOHOXPOMAaTOPOB [23] ¥ IHUCIIepCUOHHOM IIPU-
3MEHHOM OIITHUKU [24].

sk k

Co3maHMe IpenokeHHOMN B HacToslen paboTte

MHOTOKaHaJIbHOM aHAJIHUTUYECKOHN cucteM MAPK

IIO3BOJIMT PEIIUTE CAeAYyIONKMe aKTya/IbHbIe IIPO-

61eMBI:

e 00eCreYUTb JOCTYII IIMPOKOTO Kpyra Crielyuaau-
CTOB B 06s1acTH pa3paboTKU HOBBIX MaTepHAJIOB
M HAHOCTPYKTYP K IlepeJOBBIM CpeCTBAM PeHT-
TeHOBCKOM JUATHOCTUKU;

e 00beIMHUTH OCHOBHBIE METOM bl PeHTTeHOBCKOH
OUATHOCTUKU Ha 6a3e efUHON aBTOMATHU3UPO-
BaHHOM CHCTE@MBI;

* IIOBBICUTH TOYHOCTH U JOCTOBEPHOCTD pe3yJibTa-
TOB U3MepeHUH;

source emits in the solid angle Q;
about 2m, therefore the permissi-
ble angular positions of the axes
of subject beams should be dis-
placed from the tangent line to
the metal stream at the point of
excitation by an electron beam
in the direction of the source of
excitation (fig.2). The angular
interval a between axes of the
beams 1-6 is formally limited
to the need to place at the out-
put windows of the source col-
limation, alignment and focus-
ing elements of the structure.
The technical restrictions on the
number of channels are asso-
ciated with the presence in the
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radiator body of elements of the
equipment, i.e. the electron
gun, pipes, valves and gauges
of the source parameters. In the
hard part of the spectrum E > 50
keV radiation can be additionally
put out from the metal stream in
the direction of the beams 7 and
8. However, the operational prac-
tice shows that for the measure-
ment, the instrument setup and
installation of various types of
samples it is necessary to allow
staff access to any part of the sta-
tion’s equipment; so it is optimal
to place four stations around the
source according to the diagram
shown in fig.3.

The proposed diagram is also
due to the development of work-
stations in a protective hous-
ing as shown in fig.4. The radia-
tion source, as shown in fig.3, is
in the central part of the system.
The sliding panels of the hous-
ing provide the necessary access
to the measuring equipment and
the ability to install and transfer
samples. Individual stations can
be controlled with the computers
installed in the operating room
and outside in the remote access
mode. However, the overall coor-
dinated management of the source
and individual stations is effected
by the computer of the system.



CONTROL AND MEASUREMENT
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SCHEME OF FORMATION
OF X-RAY BEAMS
The main parameters of the beams
used in modern measurement sys-
tems are their spectrum, shape
and intensity. The microfocus
X-ray source along with the focus-
ing and collimation systems and
the means of spectrum selection
allow you to create the most com-
plete set of beams required for a
comprehensive diagnosis. Fig.5
shows the main types of beams
that can be created in the system:
« the cone polychromatic beam
(1) for a quick visualisation
of the projection images and
computer tomography;

« a fan-shaped monochromatic
beam (2) for the visualisa-
tion of the projection images
and computer tomography
in a predetermined spectral
range;

+ the converging focused mono-
chromatic or polychromatic
beam (3) for the local diagno-
sis of material parameters;

« the focussed quasi-parallel
beam (4) for the diagnosis of
structural materials;

 the tightly collimated mono-
chromatic beam (5) for pre-
cision measurements of the
structural parameters and
X-ray measurements.

The cone-shaped and fan-
shaped beams 1 and 2 are created
by the controlled diaphragms.
A fan-shaped beam can be pre-
liminarily monochromated with
multilayer X-ray mirrors [14] or a
refracting prism. [15]. The con-
vergent focused monochromatic
beam 3 is created by the curved
multilayer mirrors [16] built
according to the Montel [17] or
Kirkpatrick-Baez schemes [18].
The Kumakhov polycapillary
optics can help obtain a focused
polychromatic beam with the
focal diameter d; of about 10
pm [19, 20]. It should also be
noted that in the photon energy
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of about 10 keV with the source
focus diameter of d, < 5 pm the
refractive optics in the form of
compound refractive lenses can
be used [21, 22]. However, the pre-
liminary monochromatisation
of the primary radiation is nec-
essary. The focused quasi-par-
allel beam 4 of high intensity is
generated by the parabolic X-ray
mirrors. The rigidly collimated
monochromatic beam 5 with an
angular divergence of A} =< 10”
is created by successive reflec-
tions from the dislocation-free
crystals, such as silicon crystals.
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Additional schemes of the beam
generation and spectrum selec-
tion can be obtained by the
curved crystals and semi-trans-
parent monochromators [23] and
dispersion prism optics [24].

* ok ok

Creation of the multi-analytical sys-

tem proposed in this paper will help

solve the urgent problems as follows:

 ensure access to a wide range
of experts in developing new
materials and nanostruc-
tures to advanced tools of X-ray
diagnostics;

« combine basic X-ray diagnosis
techniques based on a single
automated system;

« improve the accuracy and
reliability of measurement
results;

« provide for savings associated
with the purchase and mainte-
nance of equipment.

In the following study we will
examine various types of work-
stations of the analytical system
and present a number of exper-
imental results also obtained
with a source on a liquid anode.
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